The effects of oxygen concentration and ambient pressure on fuel cell performance are explored both in theory and in experiment. For fuel cells in general the effect due to a change in oxygen concentration is shown to be fundamentally different than the effect due to a change in cathode pressure, even if partial pressure is held constant. For a proton exchange membrane fuel cell, a significant reason for this difference comes from the nature of mass diffusion processes in the fuel cell structure, which infers that there is an optimum fuel cell design (macroscale and microscale) for a given operating pressure and oxygen concentration. In the experimental work a proton exchange membrane fuel cell was subjected to varying atmospheric conditions from sea level to 53,500 ft (16,307 m) with results analyzed up to 35,000 ft (10,668 m). The results showed that at low current density operation a decrease in either cathode pressure or concentration led to an increase in irreversible losses associated with reaction kinetics (activation polarization) and confirmed the differing effects of cathode pressure and oxygen concentration. Consideration of all these effects enables both fuel cell-and system-level optimization of aeronautical fuel cell-based power systems. 
The effects of oxygen concentration and ambient pressure on fuel cell performance are explored both in theory and in experiment. For fuel cells in general the effect due to a change in oxygen concentration is shown to be fundamentally different than the effect due to a change in cathode pressure, even if partial pressure is held constant. For a proton exchange membrane fuel cell, a significant reason for this difference comes from the nature of mass diffusion processes in the fuel cell structure, which infers that there is an optimum fuel cell design (macroscale and microscale) for a given operating pressure and oxygen concentration. In the experimental work a proton exchange membrane fuel cell was subjected to varying atmospheric conditions from sea level to 53,500 ft (16,307 m) with results analyzed up to 35,000 ft (10,668 m). The results showed that at low current density operation a decrease in either cathode pressure or concentration led to an increase in irreversible losses associated with reaction kinetics (activation polarization) and confirmed the differing effects of cathode pressure and oxygen concentration. Consideration of all these effects enables both fuel cell-and system-level optimization of aeronautical fuel cell-based power systems. UEL cells are continuing to gain credibility as alternative power sources in many applications, including stationary power, automotive propulsion, auxiliary power for large trucks, remote or backup power for telecommunications and other sensitive equipment, and even portable power for personal electronic devices. And although fuel cells have been used in space applications for decades, recently the aerospace industry has increased its attention on the possibility of using fuel cells in other applications, such as commercial aircraft auxiliary power units (APUs) [1, 2] , propulsive and/or auxiliary power for high-altitude long endurance (HALE) aircraft and orbiting platforms [3, 4] , and unmanned aerial vehicles (UAVs) [5, 6] .
Analysis of the feasibility of using fuel cells in these applications demands accurate understanding and predictions of fuel cell behavior at the conditions encountered in the flight scenarios of each application. For example, a passive fuel cell operating on an aircraft at 35,000 ft (10,668 m) will need to produce power using air at a pressure that is only one-quarter of sea level pressure, and withstand temperatures of 55 C or lower. These are severe conditions for fuel cells and the published experimental data for these operating conditions are limited.
In practice, subatmospheric pressure operation of a fuel cell is usually avoided through the use of compressed air and fuel. Or in the case of unpressurized fuel cell operation at high altitudes, the realized voltage and efficiency loss is characterized by a "derate" factor; for example, one manufacturer states that above 1000 ft (305 m) in altitude total power output decreases by 1.5% per 1000 ft (305 m) [7] . However, the value of a particular derate factor used to predict performance in terrestrial low-pressure conditions [altitudes less than 10,000 ft (3,048 m)] may be different than that used to predict performance in the ranges of aircraft flight [altitudes between 20,000 ft (6,096 m) and 45,000 ft (13,716 m)] and HALE missions [>50; 000 ft (15,240 m)]. High-altitude studies are needed to verify or find the correct relationships.
Understanding the impacts of high altitude on fuel cell performance and publishing data obtained from fuel cells operated at high-altitude conditions is important because high-altitude conditions affect fuel cell performance through a complex set of physical, chemical, and electrochemical processes. These processes are typically summarized by accounting for theoretical (Nernst) potential and three types of cell polarization (activation, ohmic, and concentration), each of which may be affected by high-altitude operating conditions. Accurate understanding of the affects of highaltitude conditions on both the fuel cell potential and the polarizations is required for design of aerospace fuel cell systems. Whereas the fuel cell community understands and agrees that fuel cell performance is degraded at high altitude, no data have been published for use in determining the impacts of high altitude on proton exchange membrane (PEM) fuel cell performance and there is some controversy regarding the means by which degraded performance is achieved.
When keeping the concentration of oxygen in the reactant stream constant (e.g., using atmospheric air between sea level and 262,000 ft (80,000 m) [8] ), the main effect of reduced total pressure operation is a decrease in performance. At a given voltage, the fuel cell will produce less power, or, at a given power setting the irreversible losses increase, reducing voltage and efficiency. This well-known effect has been documented in various texts [9] [10] [11] , and has been shown in several experiments that demonstrate the opposite effect: increasing total pressure increases performance [12] [13] [14] [15] [16] [17] [18] [19] and many experiments have similarly shown that decreasing the concentration of oxygen while keeping the total pressure constant decreases performance [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] .
Both total pressure and concentration of oxygen affect the partial pressure of oxygen via the simple equation [24] :
Therefore a decrease in either concentration or total pressure will decrease the partial pressure. With the appearance of partial pressure in a commonly used form of the Nernst equation [9, 10] 
it is tempting for many to think of partial pressure as being responsible for changes in performance without considering whether concentration or total pressure (or both) is actually what causes changes in partial pressure. For example, at a total pressure of 1 atm and concentration xO 2 1:0, the partial pressure pO 2 will be 1 atm. The partial pressure pO 2 will also be 1 atm at a total pressure of 4.8 atm and a concentration xO 2 0:21 (air). It has been shown, in this case, that a fuel cell behaves differently depending upon which condition is used. Specifically, at low current densities (current density less than the point where the V-i curve begins to deviate from linearity due to mass transport limitations) the fuel cell performed better in the higher total pressure case than in the higher concentration case [17] . Other experiments show the same thing: strictly speaking, it is not partial pressure that affects fuel cell performance, it is concentration and total pressure, and these two variables affect performance in different ways [13, 15, 16, 18] . However, although Ticianelli et al. [14] support this general conclusion, these authors present superior performance for the highconcentration case for all current densities. Thus, there remains some controversy in the literature regarding the impacts of low total pressure on the theoretical potential of a PEM fuel cell. Also, unless proper context is clearly given, it is misleading and technically incorrect to use variations in partial pressure to substitute for variations in concentration or total pressure to determine impacts on fuel cell performance.
Although fuel cells have been operated at altitudes of over 5000 ft (1524 m) for the U.S. Department of Defense's Fuel Cell Demonstration Program [25] , and at approximately 6650 ft (2027 m) at Yellowstone National Park [26] , the low-pressure operating characteristics of these demonstration projects was secondary. Only a few studies have reported operation of fuel cells at high altitudes with the specific intent of quantifying the effect of low pressure on performance. For example, Cessna and Boeing tested a 1.2 kW-rated Ballard Nexa proton exchange membrane fuel cell (PEMFC) system at pressure altitudes up to 5000 ft (1524 m) and showed a net power decrease to 970 from 1300 W at sea level [27] . Another Ballard system was tested by the U.S. Environmental Protection Agency in Mexico City, Mexico [7400 ft (2256 m)]. This PEMFC power plant (of Ballard's Phase 2 fuel cell bus) was composed of 20 13 kW stacks, and it was shown that at an array voltage of 500 V, string current decreased by 24% from sea level operation [28] . In both of these cases the air supply system was identified as a probable cause of the power loss.
In addition, none of these previous studies were conducted at altitudes useful for most aeronautical applications. The lack of published high-altitude fuel cell performance data is a problem that could misleadingly force aerospace fuel cell designers to only consider expensive and inefficient air pressurization as a means of achieving reasonable high-altitude performance. Alternately, designers could try to extrapolate high total pressure experiments to determine fuel cell performance under low total pressure conditions, or to use low "partial pressure" data (conducted by varying concentration) as a substitute for low total pressure data. The first approach adds equipment (volume, weight, cost, complexity) to a high-altitude fuel cell system, which may be unnecessary. The second approach may not yield accurate results when linearly extrapolated to high altitudes, and the third approach is erroneous.
Unfortunately for the aeronautical community, this implies that experimental results for the operation of fuel cells "at low partial pressures" (by lowering oxygen concentration) cannot be used to predict the affects of total pressure on fuel cell performance at altitude. Note that the experiments referenced in preceding paragraphs all used 1 atm as the lower limit of total pressure. Furthermore, the measured performance of a fuel cell is not only governed by impacts of total pressure on the Nernst potential, but may also be limited by changes in cell polarizations caused by changes in total pressure.
The current work has been accomplished, therefore, to clarify the impacts of altitude on the performance of a PEM fuel cell, provide PEM fuel cell data obtained for aerospace relevant high-altitude conditions, and to elucidate the mechanisms that contribute to the observed high-altitude performance. The objectives of this work are to 1) acquire and publish a set of PEM fuel cell performance data for high-altitude operating conditions, 2) determine the suitability of the voltage potential and polarization theory commonly used to describe performance of atmospheric and pressurized fuel cells for describing the performance of subatmospheric pressure fuel cells (pressure below 1 atm), and 3) discuss implications of the theory and observations for design of aerospace fuel cell systems.
Experiment
The fuel cell used in the present experiment was an annular-type proton exchange membrane fuel cell from DCH Enable Fuel Cell Corp. The air side (cathode) of this fuel cell is passive (there is no mechanical fan or blower conveying air to or away from the cathode). The hydrogen side (anode) is dead-ended, meaning all the hydrogen entering the anode compartment is either consumed by the fuel cell reaction, or wasted due to leakage and crossover. There are 23 cells in series, and the cell active area is approximately 13 cm 2 . A detailed description of this kind of PEMFC can be found in [29] .
The fuel cell was placed in a vacuum chamber capable achieving pressures of at least 27.8 in Hg vacuum [an absolute pressure of 7.2 kPa (1.05 psia)]. Continuous flow vacuum pumps maintained an airflow through the vacuum chamber at a rate dictated by the experiment run and monitored by a mass flow meter. Air was cooled to the required inlet temperature using cold boil-off gas from a liquid nitrogen dewar via manual control through flat-plate heat exchanger. The relative humidity of the inlet air was manually controlled using a desiccant dryer system upstream of the heat exchanger, and measured at room temperature using a humidity sensor. The reading was converted to a relative humidity measurement at the chamber air inlet temperature using standard water/ice vapor pressure formulations [30, 31] .
The chamber itself was located in ambient conditions and insulated to thermally isolate it from its surroundings. It was expected that the cold air going into the fuel cell would cause the inside of the chamber to be at a lower temperature than the ambient conditions; however, it became quickly apparent as experiments were conducted that the airflow was not sufficiently high enough to offset the thermal energy generated by the fuel cell. This inevitably led to the inside of the chamber becoming warmer than the ambient temperature, and predicted the insignificance of the air inlet temperature in this experiment (verified later).
Ultrahigh-purity hydrogen (99.999%) was used on the anode side of the fuel cell. Hydrogen was stored in a high-pressure tank, regulated to the pressure required by the experiment, and its flow rate measured by a mass flow meter. Because of the dead-end anode design of the fuel cell, hydrogen mass flow rate was not controlled, only monitored.
The external electrical circuit consisted of a bank of light-emitting diode (LED) lights whose resistance varied with applied voltage, which was measured for each experimental voltage.
Data were collected and logged in real-time via National Instruments data acquisition (DAQ) hardware (DAQPad 6020E) and Labview software interface. Instrumentation used in the experiment along with associated maximum uncertainty is listed in Table 1 . Table 2 gives a summary of the range of controlled variables for the results presented in this paper. The conditions represented by these pressure and temperature conditions range from sea level to 53,500 feet (16,307 m) in altitude. The statistical method of design of experiments (DOEx) was used to assign the values of each variable (factor) to each randomized test run, which enables an analysis of variance (ANOVA) approach to data analysis. The result of using this method is not only a greatly reduced experimental set compared to traditional one-factor-at-a-time (OFAT) methods, but also an ability to identify how interactions between variables affect the results, determine whether observations are statistically significant when compared to experimental error, and provide measures of uncertainty for the data set including interpolated and extrapolated performance values. This approach has been used before in fuel cell experiments as in [20] .
Results and Discussion
The raw data collected are shown in Table 3 . They are presented for completeness and to provide results that can be used by others in computer model development or design for altitude operation of a PEMFC system. Because these data were collected in accordance with the guidelines of DOEx, they are designed to be examined using ANOVA significance analysis with results shown in Figs. 1 and 2 .
Although experiments were conducted under conditions that simulate altitudes up to approximately 53,500 feet (16,307 m) (Runs 29, 30, 33, 34, 35, and 37) there were not enough data collected at these very low-pressure conditions to allow extending the ANOVA analysis to this altitude. This was partially due to experimental limitations that did not allow for high-flow, lowpressure testing, which eliminated some experiments from the test matrix. Analyzing an incomplete test matrix with the ANOVA technique can produce unreliable results, so these data were not included in the ANOVA analyses.
Note that responses of stack current and voltage, hydrogen flow, and hydrogen pressure are presented as a function of the controlled variables. Figure 1 presents the results of the experiment in the form of voltage-current (V-i) curves. These curves were generated by the ANOVA analysis of the experimental data and are given for the combination of pressures and airflow rates shown in the figure. The curves are valid for the entire range of relative humidity (15-70% RH) and air inlet temperature ( 60 to 20 C) because the effects of air inlet temperature and humidity were measured to be statistically insignificant in the ranges studied. The shape of the V-i curves indicates that the fuel cell was operating in the transition region between the low-and middle-current regimes, where activation and ohmic losses dominate.
Clearly, lower total pressure leads to a downward shift in the V-i curve toward lower voltage performance and an increase in the slope of the curve, regardless of the airflow rate. Another observation is that the effect of airflow at low pressures is greater than the effect at higher pressures.
To understand the reasons behind these observations it is necessary to look at the fuel cell governing principals and physical characteristics, beginning with the Nernst equation [Eq. (2)].
One phenomenon of the Nernst equation when applied to the PEMFC is that the Nernst voltage increases when total cathode pressure is lowered and all other variables are held constant. To see this, the substitution of Eq. (1) into Eq. (2) along with distinguishing between the total pressure of the anode and the cathode gives
Isolating the relationship between Nernst voltage and total cathode pressure gives
Obviously the V-i curves in Fig. 1 show the opposite effect, that of decreasing voltage when cathode pressure is lowered. This is because in addition to the effects on the Nernst equation, oxygen concentration and total pressure adversely affected fuel cell performance to a much greater degree through the irreversible losses (activation, ohmic, and mass diffusion) that all operating fuel cells experience.
Activation Loss
Activation loss is associated with the reaction kinetics and the fact that some charge buildup must occur at the electrode reaction site to drive the reaction forward. The energy required to activate the charge transfer process at the reaction site is lost and does not contribute to the realized voltage. This loss is most obvious at low-current densities, when the amount of charge building up is a large fraction of the total charge associated with the overall reaction.
Application of transition state theory to the electron transfer process of an electrochemical reaction results in the well-known Butler-Volmer expression that describes activation polarization [32] : 
The exchange current can be thought of as the "idle" current at the electrode, that is, the totally reversible equilibrium current of a particular reaction (with no net current flow) [32] . For the oxygen reduction reaction (ORR) at the PEMFC cathode equilibrium is established in the following reaction:
producing an idle current corresponding to oxygen being reduced to water at exactly the same rate that it is being produced. The rate of this exchange between O 2 and H 2 O is given by the exchange current. If the current demanded out of the fuel cell is less than the exchange current, the current is readily supplied. However, if the current required exceeds the exchange current, an equilibrium "shift" must be made and this is manifested by a much larger voltage loss. Therefore, an electrode with a large exchange current will have a smaller voltage loss than one with a small exchange current. Exchange current can be expressed in several ways [32] [33] [34] [35] , for simplicity and without sacrificing the pertinent details, the equation
is assumed. Equation (7) is based on [33] which considers only the ORR at the cathode, and with the concentration of oxygen being replaced by the oxygen partial pressure (pO 2 ), which is more appropriate in the case of a gas-fed fuel cell because total pressure can now be considered as a factor as well. n is the number of electrons participating in the reaction of the rate determining step, k is the electrochemical rate constant, and y is the reaction order with respect to oxygen partial pressure (y 1 is assumed in most analyses, e.g., [33] ). A cell is the cell area (cm 2 ), so by assuming partial pressure is normalized to 1 bar, the units work out to mA=cm 2 . Thus exchange current, and as a result activation loss, is a function of both oxygen concentration and total pressure via the oxygen partial pressure term of Eq. (7). As either concentration or total pressure increases, so does the exchange current, resulting in a overall decrease in activation loss.
In this experiment, oxygen concentration was not varied directly; however, Kulikovsky [23] shows that airflow is connected to oxygen concentration through the stoichiometric ratio . As airflow, and thus , is decreased, the oxygen concentration goes down. This reference also indicated that a > 3 did not result in a large concentration change across the cell, which for a fuel cell operating in the lowcurrent regime led to a hardly noticeable change in cell potential. The experiment of the present work had stoichiometric ratios of 3 for the 0.5 standard liter per minute (SLPM) case and 60 for the 9.5 SLPM case. Thus, one can assume that the oxygen concentration did not vary by an appreciable amount except in the very low airflow cases. Of course oxygen concentration can vary due to other factors such as cathode water content. However, in this experiment airflow is the most direct indicator of oxygen concentration because variations in water content of the inlet stream, water generated by the fuel cell, and oxygen consumed by the fuel cell, were measured to contribute a maximum of a 3.1% change in oxygen concentration across all experiments.
In Fig. 1 the downward shift of V-i curves as pressure or airflow is lowered is characteristic of increasing activation loss, and is expected from the theoretical point of view. Examination of Fig. 1 also shows an interaction between total pressure and airflow, where airflow has little effect at high pressure but a large effect at low pressure. This can be seen in the ANOVA interaction contour graph, Fig. 2 , which is also valid for the entire range of relative humidity (15-70% RH) and air inlet temperature ( 60 to 20 C) for the same reasons as described in the preceding section. The figure is plotted for a given external resistance, in this case 50 is chosen, although other external resistance will have similar behavior.
(Notice that in the ANOVA graph individual data points are not shown because an ANOVA-designed experiment produces an entire response surface with best-fit interpolation between actual data points, and the areas of interest shown in Fig. 2 do not necessarily correspond to exactly one or more data points. For more detail on the DOEx and ANOVA process the reader can refer to one of several texts on the subject [36] , or an illustrative example [37] .) Figure 2 shows a key interaction, that between pressure and airflow. For both the high-and low-airflow cases, the voltage decreases with a decrease in pressure. In this graph it is easy to see that at low pressure the effect of a decrease in airflow is significant. At high pressure, and using the standard error for this condition as shown in Fig. 3 , it can be seen that the effect of airflow at this condition is negligible (within experimental error). Figure 3 shows the standard error [in volts, direct current (VDC)] of the experimental results of Fig. 2 . In comparing these two figures it can be seen that the spacing between adjacent voltage contours of Fig. 2 is sufficient to distinguish real differences in experimental results in all areas except the extreme upper left and lower left corners. Also it is easy to see that at the high-pressure condition [ln P 4:65] the change in voltage with a change in airflow is within the standard error of the experiment.
According to the preceding discussion and Eqs. (5) and (7), equal changes in total pressure or concentration should affect the voltage loss equally. As a starting point for comparison, consider the case of ambient pressure [ln P 4:65] and negligible concentration change (airflow of 9.50 SLPM). The stack voltage at this point is 15.4 VDC. If we use the numbers from [23] , a 3 case would lead to an oxygen concentration decrease of approximately 33% (xO 2 ; exit=xO 2 ; inlet), which if P T 1, would lead to a partial pressure decrease of 33% according to Eq. (1). This corresponds to the 0.50 SLPM and ln P 4:65 case where the stack voltage is 15.0 VDC, or a 0:017 V=cell decrease in cell voltage. The same decrease in partial pressure accomplished by varying total pressure instead (keeping concentration constant) would correspond to a pressure of 70 kPa (ln P 4:25). For this case, the stack voltage would [13, [15] [16] [17] [18] suggesting a greater dependence of voltage on total pressure than oxygen partial pressure, and there must be another mechanism responsible for the imbalance.
(It would be interesting and very useful to see if the analytical expressions developed by Kulikovsky [23] could be modified to include the effects of pressure and solved. However, Kulikovsky points out that it is not likely that an analytical solution for the required system of equations would be found.)
Ohmic Loss
The irreversibilities of the ionic and electronic conduction processes are considered through ohmic losses. Ohmic loss is calculated by combining ionic and electronic resistances in the fuel cell and interconnecting components into a parameter of overall resistance, R cell . This resistance contributes to the V-i curve's characteristic linear negative slope. It is assumed that R cell in this experiment has negligible dependence on concentration or total pressure (for example, Buchi and Scherer [38] show a change in resistance of Nafion 117 of less than 5% when total pressure was increased three times). R cell could also be influenced by cell temperature and reactant humidity, but in these experiments the effects of air inlet temperature and humidity were measured to be statistically insignificant in the ranges studied. This unexpected observation is most likely due to the low-current density operation and design of the stack and experimental setup, in addition to the fact that the relative humidity changes were done on the cathode side of the stack and not the anode side. Thus we look to the third loss mechanism for an explanation of the unbalanced effects of concentration and pressure on the V-i curve.
Diffusion Loss
Mass diffusion loss is associated with the nonideal mass transport of gases to and from the electrochemical reaction site. To understand this mechanism and the difference between the effects of oxygen concentration and total pressure, it is necessary to look into the structure of the fuel cell cathode and consider the chemical and physical processes that govern mass transport there. Many studies have described these details [9, 17, 21, 34, [39] [40] [41] , so just a summary is presented here.
There are typically two layers to a cathode, a backing layer on the gas side and a catalyst layer on the electrolyte side. The primary function of the catalyst layer is to provide a site where the reactant gas can react with ions from the electrolyte and electrons from the external circuit. The primary function of the backing layer is to provide mechanical support for the fuel cell while allowing sufficient reactant and product gas diffusion through it to and from the catalyst layer. Both layers must also be electronically conductive.
Because of their different primary functions, the catalyst and backing layers have different physical characteristics. The backing layer needs to find the perfect balance between strength, porosity, and thickness. The catalyst layer needs to provide a balance between access to the electrolyte and reaction sites, containment of liquid water close to the electrolyte, and porosity.
These balances have led to the development of cathodes that have backing layers with large pores and catalyst layers with a mixture of large and small pores. The porosity is important because diffusion characteristics of gases into and out of the backing and catalyst layers have a large effect on the irreversible losses. For example, Iczkowski and Cutlip [39] show that in a phosphoric acid fuel cell the gas diffusion processes have nearly the same impact on voltage loss as all the ohmic (electronic and ionic) processes. (Ridge et al. [40] note that a PEMFC porous electrode can be modeled similar to the PAFC porous electrode model presented in [39] .) Diffusion through the large pores of the backing layer has been shown to be molecular diffusion [17, 34, 39] , following the StefanMaxwell equation, and as such depends on concentration but not on total pressure [17, 21, 39, 42] .
The dependence on pressure and concentration in the catalyst layer is more complex. Diffusion through the catalyst layer is generally accepted to be at least part molecular diffusion (large pores) and part Knudsen diffusion (small pores) [34, 39] . It is also theorized that grain boundary diffusion plays a role [17, 34, 39] , and pressure and concentration also affect the dissolution of oxygen into the liquid water in the catalyst layer near the electrolyte governed by Henry's law [17] . (Note that if liquid water were to penetrate into the backing layer, Henry's law would apply to the diffusion process there, and then backing layer diffusion would also become total pressuredependent.) Regardless of the exact contributions of each of these methods, the fact that diffusion in the catalyst layer is not entirely molecular means that total pressure also affects diffusion losses. Iczkowski and Cutlip [39] estimated that of the total gas diffusion losses, diffusion in the backing layer (molecular) accounted for 37%, molecular diffusion in the catalyst layer accounted for 26%, and Knudsen diffusion in the catalyst layer 37%. If this were generally true for current PEM technology, then 63% of diffusion losses are affected by concentration alone, and 37% are affected by total pressure alone (note that Knudsen diffusion is not affected by concentration) [21, 42] .
It follows that as total pressure is decreased while concentration is held constant (e.g., as with increasing altitude), the Knudsen diffusion losses will increase while molecular diffusion losses remain constant. Therefore as total pressure is reduced, Knudsen diffusion losses comprise an ever larger proportion of the total diffusion losses. This is confirmed experimentally by the observed increased importance of the catalyst layer diffusion processes as total pressure is decreased in [17] .
The combined effect of all the mass diffusion mechanisms on the voltage loss of the fuel cell is to increase the downward slope of the V-i curve, especially as current is increased. This trend is noticeable in Fig. 1 as each V-i curve has a slightly larger downward slope than the one above it.
In the present experimental work, this imbalance between the effects of total pressure and concentration on mass diffusion loss is responsible for the discrepancy mentioned earlier between the observed loss due to total pressure and that due to concentration. Looking at the highest airflow (9.5 SLPM, where oxygen concentration can be assumed constant throughout the cell) in shows the impact of pressure alone on stack voltage: a stack voltage decrease from 15.4 to 12.2 V, or a 0:13 V=cell decrease when ln P is decreased from 4.65 to 3.15. Compared to the loss due to concentration changes described earlier of 0:017 V=cell, we can see that this experiment was dominated by losses due to total pressure changes.
An interesting observation from this experiment is that at the lowest airflow (0.5 SLPM) shown in it can be seen that when low pressure is combined with lower concentration, the voltage loss is greater than the simple sum of both cases. From the "no loss" case of ln P 4:65, airflow 9:5 SLPM to the "worst case" of ln P 3:15, airflow 0:5 SLPM, the voltage decreases from 15.4 to 8.6 VDC, a 0:28 V=cell decrease. This level of performance degradation is almost twice the sum of the losses due to pressure (0:13 V=cell) and concentration (0:017 V=cell) alone. This strong positive interaction between low pressure and low concentration suggests that there are other mechanisms involved that warrant further investigation.
The optimum high-altitude fuel cell would have a structure designed to facilitate mass diffusion in low total pressure operation. There are many ways this can be achieved; for example, Goodenough and Cushing [33] and Lee et al. [43] note that whereas increasing the amount of electrolyte incorporated into the catalyst layer improves proton conduction leading to better performance, it also leads to larger pores being blocked. This makes Knudsen diffusion a more prominent diffusion mechanism. For fuel cells operating at high total pressure, lower Knudsen diffusion losses could potentially decrease overall diffusion losses leading to a significant increase in performance. But fuel cells operating at low total pressure could exhibit higher Knudsen diffusion losses that could result in a decrease in fuel cell performance (especially at high current densities).
Catalyst layer design thickness decisions become more complex when total pressure effects are taken into account. It has been shown that the primary region of operation on the V-i curve [small current (activation), medium current (ohmic), and high current (O 2 depletion)] affects the optimum catalyst layer design, as does the reaction rate [34] . Low currents and low reaction rates both favor thicker catalyst layers [34] , but thicker catalyst layers increase the total pressure loss thus making low total pressure operation less desirable. On the contrary, high currents and high reaction rates favor thinner catalyst layers, which is a more desirable condition for low total pressure fuel cell operation. This also shows that increasing catalyst layer thickness to compensate for low reaction rate may not be the best solution when low-pressure fuel cells are considered.
The backing layer design of the low-pressure fuel cell need not differ from its high-pressure counterpart. Because oxygen diffusion through the backing layer depends on concentration and not on total pressure (described in the preceding paragraphs), as long as the backing layer is designed for the concentration of oxygen present in air it should perform the same regardless of total pressure. This also shows why the so-called nitrogen blanketing effect, which is caused by the inert gas in the cathode stream impeding oxygen molecular diffusion through the backing layer [17, 34] , is unaffected by changes in total pressure.
Conclusions
Whereas the theory shows that changes in concentration affect a fuel cell differently than changes in total pressure, until now this has only been confirmed by experiments involving increasing the total pressure above 1 atm. The present research (the first known published experiment of a fuel cell operating at a significant subatmospheric pressure) confirms the applicability of this theory to fuel cell operation with total pressures below 1 atm and shows a clear decrease in performance of a proton exchange membrane fuel cell when subjected to total pressures down to 23.3 kPa. The results showed the distinction between voltage loss due to concentration effects (because of limited air stoichiometry) and those due to total pressure effects where it was shown that between equal percentage decreases of concentration and total pressure, total pressure had a greater effect on performance.
When both concentration and total pressure were reduced, the measured voltage loss exceeded the sum of the observed voltage losses from the separate cases. This observation suggestions a possible compounding effect that deserves further investigation.
The current data set provides the magnitude of decrease in fuel cell performance with high-altitude operation for a specific PEMFC. Together with the theoretical information and discussion provided, it is hoped that designers of aeronautical fuel cell systems will be aided in determining optimum physical characteristics and design operating conditions.
